Abstract. The spectral emission properties of a droplet-based laser-produced plasma are investigated in the vacuum ultraviolet (VUV) range. Measurements are performed with a spectrograph that operates from 30 to 180 nm with a spectral resolution of 0.1 nm. The emission spectra are recorded for different metal droplet targets, namely tin, indium, and gallium. Measurements were performed at different pressure levels of the background gas. Several characteristic emission lines are observed. The spectra are also calibrated in intensity in terms of spectral radiance to allow absolute emission power estimations from the light source in the VUV region. The presented experimental results are relevant for alternative light sources that would be needed for future wafer inspection tools. In addition, the experimental results help to determine the out-of-band radiation emission of a tin-based extreme ultraviolet (EUV) source. By tuning the type of fuel, the laser energies, and the background gas, the laser-produced plasma light source shows good capabilities to be operated as a light source that covers a spectral emission range from the EUV to the sub-200 nm range.
Introduction
Inspection tools in the semiconducor industry are relevant for a wide range of processes, such as overlay measurements, critical dimension control, patterned and unpatterned wafer inspection, and mask inspection. Today, up to 50% of the fabrication process steps are devoted to inspection. 1 With the advent of new lithography techniques such as extreme ultraviolet lithography (EUVL) that allow the manufacture of chip node sizes below 10 nm, inspection tools need to be upgraded in order to detect smaller defects on wafers. Sub-nanometer resolution can be achieved with tools such as atomic force microscopy or scanning electron microscopy inspection systems. 1 These tools are extensively used for process development where sub-nm resolution is a priority. For the production line, where high throughput becomes essential, resolution sensitivity is currently larger than 20 nm. For particle detection on wafers, the needed throughput for production line is on the order of about 100-150 wafers per hour (wph) for unpatterned wafers and 30-50 wph for patterned wafers. In order to increase the throughput, inspection focuses on yield-limiting defects (i.e., defects of interest-DOI). 2 Part of the inspection tools that are employed for particle detection are based on light scattering. These inspection tools use dark field and bright field systems with illuminations wavelengths from the visible range down to λ ¼ 193 nm. Light scattering from particles is regulated by Mie's theory. The intensity of scattered light can be described by the simplified formula of Rayleigh scattering when the illumination wavelength λ is much larger than the defect, approximated by a sphere of diameter d. The scattered light intensity R is proportional to R ∝ λ 4 ∕d 6 . 2 Therefore, one potential way to detect smaller defects on the wafers is to scale the illumination wavelength to the sub-200 nm range. The requirements in the deep ultraviolet range imply the need to detect defects in the λ∕10 regime. 3 Numerical simulations show how the total cross section of scattered light versus the incident wavelength on a polystyrene particle (PSL) of 20 nm diameter has its maximum amplitude at normal incidence, between 50 and 100 nm. 4 Droplet-based laser-produced plasma (LPP) light sources emit radiation from the EUV range to the visible range. Today, LPPs are the main source technology for EUVL scanners with droplet-based tin targets. 5 Tin is the key element for efficient EUV emission at 13.5 nm. 6 Micrometer-sized droplets allow to reduce the plasma debris generation, which consists of fast ion, neutrals, and droplet fragments. LPPs are also potential light sources for inspection applications such as actinic mask inspection (AIMS). 7 Some advantages of LPPs for inspection applications are the high power availability (watts range), the high throughput (>100 wph), the emission of incoherent light, and the very high brightness levels (350 W mm −2 sr −1 ). 8 In addition to the EUV range, tin generates radiation emission from the UV region to the visible region. This part of the tin spectra is also relevant to estimate the absolute emission of out-of-band radiation. 9, 10 The multilayer optics used to reflect EUV are also reflective in other wavelength regions as, for example, in the UV region. 6 UV radiation can cause flares, i.e., unwanted background exposure of the resist and reduction of image contrast.
Alternative fuels to tin are gallium and indium. Gallium is used in the semiconductor industry for microwave preamplifiers, high-speed switching circuits, and infrared circuits. Gallium nitride and indium gallium nitride produce blue and violet light-emitting diodes and diode lasers. Gallium can be easily dispensed as droplets as it melts at almost room temperature (29.8°C) and has low toxicity. For sufficiently high laser power irradiances (from 10 10 to 10 13 W∕cm 2 ), laser generated gallium plasmas emit radiation from the water window to the visible region, covering the vacuum ultraviolet (VUV) region with several emission lines due to spontaneous emission and absorption processes. Of particular interest is the emission of gallium in the water window as a soft x-ray source. 11 Indium has a melting point of 156.6°C, low toxicity, and a very similar atomic structure to tin.
At the Laboratory for Energy Conversion, Ga and In droplet-based LPPs targets are already generated, demonstrating that both fuels are good candidates for LPP alternative fuels. 12, 13 Most of the spectral data on LPPs generated with Ga or In present in the literature have been carried out on planar targets and not on spherical targets. This is especially valid in the VUV range. 14, 15 In this paper, VUV emission spectra of Sn, Ga, and In are measured for the first time for droplet-based LPPs. The measurements were carried out with a VUV calibrated spectrometer operating from 30 to 180 nm. The obtained experimental results are promising for future wafer inspection tools development in the VUV range for dark field and bright field illuminations.
Theoretical Considerations
The plasma atomic processes that lead to radiation emission in the VUV range include spontaneous emission from both high and low states of charges (on the order of 1 þ < z < 5 þ ). 16 Photoabsorption processes are also observed in this wavelength region with the use, for example, of the dual pulsed laser technique. 17 Emission in this wavelength region occurs for planar targets within a few mm from the target. 17 In this case, the plasma can be optically considered thin. Assuming a collisional-radiative equilibrium, the ion fractions (i.e., the ionic chain, which relates the fraction of the next ion stage z þ 1 to the observed one z in the stationary case) as function of the electron temperature T e can be predicted by the Saha equation, once the ionization potential is known, with 18, 19 n zþ1 n z ¼ Sðz; T e Þ α r ðz þ 1; T e Þ þ n e α 3b ðz þ 1; T e Þ ;
where Sðz; T e Þ is the collisional ionization coefficient, α r ðz; TeÞ is the radiative recombination coefficient, and α 3b ðz;TeÞ is the three-body recombination coefficient. These coefficients are given by the following equations:
where χ z is the ionization potential and ξ z is the number of open shell electrons corresponding to the state of charge z. The different charge states or ion fractions, corresponding to a certain ionization potential as a function of the T e , can be calculated with numerical codes. 20 These calculations are generally obtained for a fixed n e corresponding to the 90% of the critical density n c for a Nd:YAG operating at a wavelength of λ ¼ 1.064 μm. 21 Using this model, under the assumption of high electron densities, each electron temperature can be related to a certain laser pulse flux. In other words, once T e is known, the needed laser flux ϕ [W cm
−2 ] for a desired ion stage can be calculated with the following equation:
where A is the atomic number of the plasma element and λ is the incident laser wavelength in μm. This equation is derived from the collision radiative equilibrium model, which allows for the evaluation of the electron temperature and the mean charge state from the equivalences
Assuming a spot radius of 40 μm, a pulse duration of 24 ns, a laser wavelength 1.064 μm, and a repetition rate of 6 kHz, the minimum needed laser flux to yield emission of InV or GaV expected around 40 nm is in the range of 1 × 10 10 W∕cm 2 . 12, 13 This laser flux is one order of magnitude lower with respect to the typical laser power used to produce EUV emission at 13.5 nm for tin. 22 These emission results from ion transitions with charge states of Sn 8þ to Sn 12þ . 6 3 System Description The Applied Laser Plasma Science (ALPS) II facility of the Laboratory for Energy Conversion, ETH Zürich is a soft x-ray source equipped with a high repetition rate Nd:YAG laser and a large capacity droplet dispenser generating droplet trains with frequencies up to 100 kHz. The Nd:YAG laser has an average power of up to 1.6 kW and operates at frequencies up to 20 kHz, at the fundamental wavelength of 1064 nm. The laser beam is focused into the vacuum chamber through a plano-convex lens to spot size diameters on the order of 50 to 70 μm. The nominal peak irradiance is on the order of 2 × 10 11 W∕cm 2 . 23 The droplet dispenser is positioned at the laser focus position with a three-dimensional motorized motion system. The motion system is linked to a closed-loop control system able to compensate for droplet spatial instabilities (vertical and lateral instabilities). A real-time control system, able to detect the droplet target position in the horizontal and vertical planes, keeps the droplet at the focus position during continuous source operation. The spatial resolution achievable with the control system is of AE5 μm. The temporal resolution in the triggering mode is of AE1 μs. The closed-loop system also includes a fast integrator chip that records and integrates the EUV emission per pulse during continuous source operation mode. 24 The facility is equipped with several debris mitigation systems in order to protect the optics and the sensors in the chamber from plasma debris deposition. The facility integrates several plasma diagnostics tools for radiation and particles detection. The charge particles emission from the plasma has been studied with multiple arrays of Langmuir probes (LPs) and electrostatic ion energy analyzers. 25, 26 The emitted radiation from the plasma is studied from the EUV regions with fast x-ray photodiodes to the visible region with different spectrographs.
The VUV spectrometer used for this experiment is based on the Seya-Namioka rotational grating configuration. 27 For this experiment, a holographic aberration corrected concave grating with 2400 Gr∕mm is used. The linear dispersion is of 2 nm∕mm. The spectral bandwidth is of 0.1 nm. Spectra are recorded from 30 to 180 nm. At the exit slit, a back-illuminated charge-coupled device (CCD) with 1024 × 256 pixels is mounted, which allows to record in one spectrum a wavelength bandwidth of AE22.5 nm from the center wavelength. Images of the ALPS2 facility, the plasma emission, and the VUV spectrometer are shown in Figs. 1(a)-1(c), respectively.
The nominal peak irradiance for each laser pulse is varied between I 1 ¼ 6.9 × 10 10 W∕cm 2 , I 2 ¼ 9.6 × 10 10 W∕cm 2 , and I 3 ¼ 1.24 × 10 11 W∕cm 2 . The laser, which is operated in continuous pulsed mode, irradiates liquid Sn, Ga, and In droplets that are generated at 18 kHz with a diameter of 50-60 μm. The source vacuum chamber is filled out with He and operates at different pressures varying between 2 × 10 −2 and 3 × 10 −1 mbar. For sufficiently high laser irradiances, the EUV emission is also recorded with the VUV spectra to monitor the emission from the source with the use of an energy monitor described in detail in Ref. 22 . The experimental setup is shown in Fig. 2 . The spectrometer is placed at γ ¼ 60 deg with respect to the laser beam direction at a distance d ¼ 1000 mm from the plasma ignition point. The entrance slit width is fixed to 30 μm. The spectral bandwidth is of 0.1 nm. Exposure times of the CCD are on the order of 100-400 ms.
A calibrated deuterium lamp that is certificated from Physikalisch-Technische Bundesanstalt (PTB) in Berlin is used to calibrate the spectra in units of spectral radiance [W sr −1 mm −2 nm −1 ]. The deuterium lamp consists of a fused silica tube with a front end diameter of 127 mm and a total length of 167 mm. The distance between the lamp front end and the light source is of 81 mm. The front end of the lamp is sealed with an MgF 2 optical window. The synchrotron light from the BESSY II facility was used as the primary radiation source standard for the calibration of the lamp from 116 to 163 nm with a resolution of 0.2 nm. The spectral bandwidth is 0.8 nm full width at half maximum. Six additional PTB standard deuterium lamps were used to monitor the stability of the measurements over time during the calibration. After the lamp was calibrated, it was exposed to our VUV spectrometer system in order to measure the same spectrum from 116 to 163 nm in arbitrary units. A rectangular convolution function with a width equal to the spectral bandwidth of the D 2 spectrum from PTB was applied to our D 2 spectrum for correction of the different spectral bandwidths. By comparing the two spectra, a calibration curve is extracted. This curve is then used to measure the plasma spectra in units of spectral radiance. The same slit width and exposure time are used to acquire the D 2 spectra and the plasma spectra, while a correction for the different solid angles is applied.
An extrapolation method is used to estimate the spectral radiance at smaller emission wavelengths, where no calibration is available, with the following equation: where S are the photoelectrons/s (2. [nm] . Once the number of emitted of photons per 1 J (i.e., N λ ¼ 5.03 × 10 15 λ), the CCD exposure time, and the laser repetition rate are known, the plasma spectral radiance emission per pulse can be calculated. The spectral radiance per pulse (or commonly called spectral energy density for LPPs) is then integrated in 2π. Integration in 2π is done considering that most of the VUV emission occurs in the half hemisphere of the forward plasma expansion direction, i.e., opposite to the main laser beam direction. 22 The emission lines at the different wavelengths are compared to tabulated values reported by the National Institute of Standards and Technology (NIST). 12 
Experimental Results and Discussion
An example of a Ga droplet train generated with the laboratory for energy conversion droplet dispenser is shown in Fig. 3(a) . In Fig. 3(b) , the corresponding droplet trace in the ðx; yÞ plane is shown. The droplet trace has a standard deviation of σx, σy ¼ 5-6 μm due to the closed-loop control system that allows to keep the droplet train aligned to the main laser focus position. This point corresponds to the plasma ignition position.
In Fig. 4 , the plasma emission spectra from 30 to 180 nm for different fuels are shown. The three spectra are taken under the exact same experimental conditions and normalized to the maximum emission line intensity. These spectra were obtained in He ambient gas at 0.1 mbar for a laser irradiance of I 3 ¼ 1.2 × 10 11 W∕cm 2 . One can observe the presence of several emission lines. From a comparison with the tabulated atomic NIST emission lines, the most abundant charge states that were observed in this wavelength region are between 1 þ < z < 5 þ . Most of the emission lines are characteristics of the specific fuel. In this wavelength region, no evident line emission due to the ionization of the background gas is observed. Therefore, the spectra can be spectrally considered pure. Around 40 nm, Ga presents one evident emission line at 42.3 nm due to the GaIV ion transitions levels 1 P 0 3d 9 4p − 1 S 3d 10 . Indium has several emission lines around 40 nm due to InV ion transitions. These lines form a sort of "broadband" emission that is analyzed more in detail in Fig. 6 . Sn has two sharp emission lines at 35.51 and 36.10 nm due to SnV ion transitions. In the wavelength region around 30 nm, smaller peak emissions are also detected. These are due to the contribution of charge states up to SnVII. 29 At 50 nm, a sharp increase in continuum contribution under the emission lines is observed. This is due to the He gas transmission property that at 50 nm has a sharp increase to 100% photon transmission in our experimental vacuum conditions. 30 Around 100 nm, the contribution due to continuum emission decreases. Here, several characteristic lines are observed for all the fuels mainly due to ion transitions involving lower charge states between 1 þ < z < 2 þ . However, the line emissions still involve ion transitions due to higher charge states. This is particular evident for the Ga ion transitions, as reported in the literature. 31 After 160 nm, no line emission is still visible as the number of photons reaching the detector is too low. For this wavelength region, larger slit widths would be needed to increase the throughput of the optical system.
Indium is analyzed in detail in two wavelength regions, namely between 117 and 160 nm and between 30 and 50 nm. The results are reported in Figs. 5 and 6. In both figures, the spectra are calibrated in terms of spectral radiance, integrated 2π, and calculated for one pulse as described in previous section. By analyzing the main spectral lines in Fig. 5 , one can observe that the emission around 140 nm center wavelength consists charge states ranging from InII to InIV (i.e., 1 < z < 3). The absolute values of energy are on the order of 10-50 μJ∕nm. Similar spectral radiances are also obtained for tin and gallium. These experimental results are comparable to similar experimental measurements reported in the literature at similar laser irradiances on sphere targets with a 0.1 to 1 μm thick tin coating. 10 In this setup, however, the spectral lines are resolved with much lower resolution.
In Fig. 6 , the emission around the 40-nm center wavelength is shown. These detected spectral lines are due to InV (z ¼ 4 þ ) ion transitions. As previously mentioned, these lines form a sort of "broadband" emission that can be useful for future bright and dark field illumination inspection tools that operate with smaller wavelengths light sources. In Figs. 7(a) and 7(b), the indium spectra are respectively shown for two different He pressure levels at fixed irradiance of I 3 ¼ 1.24 × 10 11 W∕cm 2 and for two different laser irradiances for a fixed He pressure of 0.1 mbar. One can observe from these figures that the higher the pressure level the less intense are the emission lines as the radiation is absorbed by the background gas. At the same time, higher irradiances lead to more intense emission lines due to the additional laser energy.
In order to estimate the overall output power from the LPP source in the VUV range, the calibrated spectra are integrated over the emission wavelength bands as a function of the pressure level and as a function of the input laser power. Two different wavelength bands are considered, namely 30-100 nm and 100-180 nm. In Fig. 8(a) , the integrated plasma power versus the He background gas level is shown. For 0.02 mbar, integrated plasma powers on the order of 5-7 W can be achieved in the two analyzed wavelength regions. At 0.3 mbar, the integrated powers decrease to 1.5-3 W. As expected, the higher the background gas pressure level, the lower the output power from the plasma source for both wavelength regions. As already mentioned above, the line intensity decreases with increasing background gas level due to absorption processes and possible ionization of the background gas. It is interesting to observe that in the wavelength region between 100 and 180 nm, an increase in power is observed at 0.3 mbar.
In this wavelength region, the neutral species InI and especially the single ionized species InII are dominant with respect to the higher charge states. With increasing background gas pressure, recombination effects and collisions within the plasma due to plume compression lead to an increase of the neutral and singly ionized species emission. This explains the higher power values observed from 100 to 180 nm at 0.3 mbar. Similar spectra were observed as a function of background gas level by other authors for a Cu laser-produced plasma in the wavelength range between 400 and 500 nm. 32 In Fig. 8(b) , the integrated plasma power versus the laser irradiance is shown for a fixed pressure of 0.1 mbar. In the entire emission wavelength region (from 30 to 180 nm), we obtain plasma power values ranging from 2 to 6 W. From these output powers, the conversion efficiency (CE) can be calculated, i.e., the ratio of the integrated plasma emission over the laser input power.
The achievable CE values are on the order of 1%-1.9% in the full range of wavelengths from 30 to 180 nm with an optimum value at intermediate laser irradiances I 2 ¼ 9.6 × 10 10 W∕cm 2 . Therefore, the highest conversion efficiency is obtained for lower laser irradiance levels, as predicted by the theoretical model described in Sec. 2, with respect to the irradiance levels that are required to produce EUV. The presented data are specific for the employed laser and could be scaled through the laser repetition rate.
In Table 1 , a summary of the estimated power levels for at 0.1 mbar and for I 3 ¼ 1.24 × 10 11 W∕cm 2 is reported for the three fuels in the three analyzed wavelength bandwidths. As one can observe, the highest power output is obtained with indium, especially in the smaller wavelength region. Between 100 and 180 nm, all the three fuels show comparable total integrated power values.
Conclusions
In this paper, gallium, indium, and tin spectra are measured for the first time in the VUV region from 30 to 180 nm on droplet-based LPPs. Calibrated spectra are measured both in wavelength and spectral radiance emission units. Several line emissions are detected due to ion transitions with states of charges between 1 þ < z < 6 þ . The total achievable output power in continuous source operating conditions is on the order of 2-6 W. This power availability makes the LPP source viable for wafer inspection and metrology applications. A feasibility study was also performed to verify whether an inspection system based on these experimental data could provide adequate power for a combined bright and dark field wafer inspection system. These studies indicated that the achievable defect resolution is on the order of 5-7 nm within the high volume production of 120 to 150 wph. Therefore, the knowhow for the EUV droplet-based LPP source could be potentially used for future light sources with emission in the VUV range for the development of wafer inspection systems. The physical processes driving the formation and expansion of the laser plasma are complex and related to a large range of time and length scales (nanometer to micrometer scale). Future work will be focused on time and spatial resolved measurements to understand how the different line emissions are influenced by the plasma temporal and spatial dynamics. Reza S. Abhari is professor of energy technologies at ETH Zurich, Switzerland, and the head of its Laboratory for Energy Conversion. He is a member of the Swiss National Academy of Engineering Sciences, a fellow of ASME, and the recipient of many scientific awards. He is the author/co-author of over 250 scientific articles and journal publications in areas such as plasma dynamics, light sources, sensors and actuators, energy system components, and energy system modeling.
